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ABSTRACT 
 
Pavement interlayer bonding is one of the critical factors that affect the pavement 
service life. In addition to difficulties in compaction, lack of interface bonding can lead to 
serious pavement deterioration including slippage cracking, de-bonding, and early fatigue 
cracking, all of which eventually reduce the pavement service life. Several experimental 
programs and numerical research have been conducted to investigate factors that affect 
the interface bonding. According to the existing literature, interface bonding is affected 
by different factors including tack coat material, application rate and temperature, as well 
as pavement mix type, volumetric characteristics, surface texture and cleanliness. Tack 
coat is a light layer of diluted asphalt that is applied to hot mix asphalt concrete (HMA) 
or Portland cement concrete (PCC) pavement surfaces to ensure good interface bonding 
between layers. This study evaluated interface bonding between two HMA layers 
utilizing a laboratory shear performance test.  
The main objective of this study was to evaluate the performance of various tack 
coats and determine the optimum residual application rates for three various pavement 
surface conditions: unmilled aged non-trafficked, milled aged, and unmilled aged 
trafficked HMA. The study also examined the influences of tack coat curing time, 
temperature, HMA type, and surface texture on the performance of tack coats. The study 
considered four tack coat materials: SS-1hp, high float emulsion (HFE), SS-1vh (very 
hard non track emulsion), and straight asphalt (PG 64-22). The tack coat was optimized at 
residual rates of 0.00, 0.02, 0.04, 0.06, and 0.08 gal/yd2 (0.00, 0.09, 0.18, 0.26, and 0.36 
L/m2). Three curing times were considered: 0.25, 2, and 24 hrs. Two overlay mixes (9.5-
mm surface mix and 4.75-mm mix) were used. Prior to testing, the specimens were 
conditioned at four temperatures: 5°F, 41°F, 77°F, and 113°F (–15°C, 5°C, 25°C, and 
45°C).  
The study found that the optimum tack coat residual rate was 0.04 gal/yd2 (0.18 
L/m2) for trafficked and non-trafficked unmilled aged HMA surface, while the optimum 
residual rate for milled HMA was 0.06 gal/yd2 (0.26 L/m2). SS-1vh tack coat showed 
superior performance compared to other tested tack coats. The optimum curing time was 
determined at 2 hrs. Milling the surface improved interface shear strength. The interface 
shear resistance was greater when the surface nominal maximum aggregate size (NMAS) 
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increased from 4.75 mm to 9.5 mm. Increasing the temperature resulted in a reduction in 
shear strength. The initial tangent stiffness for different tack coat materials was calculated 
and studied at various temperatures between 5°F (-15°C) and 113°F (45°C). The analysis 
showed that SS-1vh had the highest stiffness compared to the materials used. However, a 
continuous reduction in the initial tangent stiffness was observed when increasing the 
temperature within the temperature range used in this study. 
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CHAPTER 1: INTRODUCTION 
 
Insufficient interface bonding is a critical problem that has concerned researchers 
for the past 50 years. Pavements consist of multiple layers that are bonded together to act 
as a single layer. Not only does the performance of pavement depend on mix properties, 
but it also depends on the quality of bonding between adjacent layers. Lack of interlayer 
bonding can degrade pavement service life due to instability in the pavement structure. 
Slight slippage of an overlay can redistribute stresses and strains along the pavement 
depth. This, in turn, can cause large tensile strains to occur at the bottom of the overlay 
rather than at the bottom of the bound layer (Shahin et al., 1987). Figure 1.1 illustrates the 
increase in lateral tensile strains at the interface due to lack of bonding.  
 
                   
Figure 1.1. Horizontal Strain Under Central Line of a Single Wheel (Shahin et al., 1987). 
 
A BISAR model that was run by DeJong to compute pavement life of a structure 
found that for fully bonded layers, the maximum tensile strains remained at the bottom of 
the bound layers, while the overlay was in compression. At the case of full slip, the 
tensile strains at the bottom of the overlay were larger than those at the bottom of the 
existing layer. Similar distribution of strains could be seen for the case of partial slip. The 
asphalt mix distorts in different directions at the slipped surface, and further destroys the 
3 
 
The redistribution of stresses and strains in the pavement due to inadequate 
interface conditions has long been considered as a cause of premature failure. Shahin et al. 
(1987) used the BISAR model (DeJong, 1973) to compute pavement life for a structure with 
an HMA overlay on top of a flexible pavement. BISAR allows modification of the slippage 
condition between the layers by considering the relative displacement between layers to be 
proportional to the shear stress transfer across the interface. This study found that for the 
full bonding, the maximum tensile strain remained at the bottom of the original existing HMA 
layer and the overlay was in compression while for the full slip cas , the t nsile strain at the 
bottom of the overlay was greater than that at the bottom of the existing HMA layer (see 
Figure 1-2). The strain distribution was similar for the case of partial slip and full slip. The 
vertical subgrade strain also increased when the bonding was lost. In the case of HMA 
overlays on top of PCC pavements, the full bonded condition produces lower failure 
stresses/strains. Stresses in the PCC slab ar  lowest with a fully bonded HMA overlay, 
extending the service life of the pavement. In addition, the overlay also reduces the 
temperature gradients in the PCC slab and thus the curling phenomenon. If the interface is 
partially bonded, tensile strains will develop at the bottom of the overlay and shear strains 
promoting rutting will develop in the upper portion of the overlay as shown by Carpenter and 
Freeman (1986). The importance of shear with the HMA layer has been recently presented 
by Al-Qadi et al. (2008) as a major cause of flexible pavement near surface cracking.  
 
Figure 1-2. Horizontal strain under central line of a single DC-9 wheel (Shahin et al., 1987). 
 
The ultimate result of pavement interface bonding failure is reduced pavement life. 
As reported by Khweir and Fordyce (2003), bonding failure could lead to a predicted loss of 
two-fifths to five-sixths of the potential life of the pavement. This study was the only one 
found that determined a numerical reduction in pavement life caused by poor interface 
bonding.  
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interlayer bonding. The presence of horizontal stresses due to an unsupported structure 
can be resisted by only the slipped overlay, resulting in deterioration of its fatigue life 
(Patel, 2010). This mechanism primarily occurs in one of the typical types of interfacial 
distresses, which is slippage cracking. It exists at areas where breaking or acceleration 
take place, resulting in slide or deformation of the overlay at a crescent or half-moon 
shape in the direction of traffic (Patel, 2010). Figure 1.2 shows a typical slippage 
cracking problem. 
 
 
Figure 1.2. Slippage Cracking (asphaltinstitute.org, 2012).	  
 
It can take place due to excessive or poor application of tack coat material, which 
is used as a bonding agent to enhance the bonding performance at the interface.  
Tack coat is a very light application of bituminous material to the existing surface 
to ensure sufficient bonding between an overlay and the existing surface, which is crucial 
for short and long-term performances of the pavement structure (Asphalt Institute, 1989). 
The type and rate of tack coat applied influences the performance of the bonding between 
layers. Pavement distresses, such as slippage cracks, debonding, early fatigue cracking, 
compaction difficulties, and most importantly reduction of pavement life, can occur when 
poor bonding exists between layers. Proper application rate of a tack coat material on the 
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pavement surface, therefore, is a key factor in controlling the quality of bonding between 
the existing pavement surface and the overlay (Leng et al., 2008).  
Tack coat residual rates and tack coat application rates differ from each other in 
both field and laboratory applications. The tack coat residual rate is the amount of asphalt 
binder remaining after water has evaporated, while the tack coat application rate is the 
amount of liquid asphalt sprayed by the distributor (California Department of 
Transportation, 2009). Residual binding material is usually diluted with water to achieve 
uniform distribution on the pavement surface and easier application at ambient 
temperature. When an asphalt binder is used as a tack coat material, the tack coat residual 
rate on the pavement surface is equivalent to the applied rate. The uniformity of the 
application is essential for achieving maximum interface bonding strength in order for the 
pavement to work as one layer. Other aspects can affect bonding strength, such as surface 
texture, temperature, mix gradation, aggregate type, and curing time. 
 
 1.1. BACKGROUND 
 
The importance of interlayer bonding between HMA-HMA and HMA-PCC layers 
prompted several studies to be conducted in the state of Illinois to characterize the 
bonding performance of different tack coat materials under various conditions. In 
addition, a numerical friction model was run to develop failure envelope that 
characterizes the shear performance of the interface at different compressive and tensile 
pressures.  
A previous study conducted at Illinois Center for Transportation (ICT) at the 
University of Illinois at Urbana-Champaign investigated the strength characteristics of 
the HMA-PCC interface by using direct-shear testing device and accelerated pavement 
testing (APT) (Leng et al., 2008; Leng et al., 2009). The laboratory specimens were 
prepared using lab-prepared hot mix asphalt (HMA) compacted on top of field PCC 
cores. Asphalt mixes that were used in this study were SM-9.5 surface and IM-19.5A 
binder. Three tack coat materials were evaluated (SS-1h and SS-1hp emulsions and RC-
70 cutback), and were optimized at a range of verified residual application rates from no 
tack coat to 0.09 gal/yd2 (0.405 L/m2). Tack coat was applied on different PCC surface 
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textures (smooth, transverse tinning, longitudinal tinning, and milling). The bonding 
strength was also evaluated at different temperatures (50, 68, 80 oF; 10, 20, 30 oC) and 
under two moisture conditions (dry and saturated) (Leng et al., 2008). The shear testing 
apparatus, shown in Figure 1.3, demonstrates the direct-shear testing device used in this 
study.  
 
 
Figure 1.3. Direct shear apparatus developed at the ICT (Leng et al., 2008). 
 
This device accommodates for 3.94-in (100-mm) diameter specimens, and can run 
both monotonic and fatigue cyclic tests. Shear interface strength was evaluated with a 
monotonic mode of loading at a constant displacement rate of 0.47 in/min (12 mm/min). 
The study found that the surface mix provided higher bonding strength than the binder 
mix. Asphalt emulsions showed significant increase in shear strength compared to 
cutbacks; however, there wasn’t a significant difference between SS1-h and SS-1hp. The 
residual application rate of the tack coat materials was optimized at 0.04 gal/yd2 (0.18 
L/m2). Moreover, Milling was found to provide the highest shear strength, and tinning 
direction didn’t have significant effect on the interface bonding.  Lowering temperature 
increased the strength, but it might not hold true at extremely low glassy temperatures, 
where the brittle behavior of tack coat can decrease the strength at the interface. Moisture 
conditioning severely decreased the interlayer strength between AC and PCC (Leng et al., 
2008). 
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The study was followed by accelerated pavement testing (APT) to validate the 
laboratory results. Twenty-five sections were constructed and loaded with the accelerated 
transportation loading assembly (ATLAS) at the centerline of the pavement (Leng et al., 
2009). Figure 1.4 shows the ATLAS machine. 
 
 
Figure 1.4. ATLAS machine (Leng, 2009). 
 
The tensile strain at the interface was measured for selected sections to evaluate the 
potential of interfacial slippage. Primary rutting was also analyzed for different sections. 
Three tack coat materials (SS1-hp, SS-1h, and RC-70) were evaluated and applied at 
residual rates of 0.02, 0.04, and 0.09 gal/yd2 (0.09, 0.18, and 0.405 L/m2). The asphalt 
binder PG 64-22 was applied at a rate of 0.04 gal/yd2 (0.18 L/m2). Two cleaning methods 
were evaluated (Broom cleaning and air blast). Tack coat was distributed over different 
PCC surface textures (smooth, milled, transverse and longitudinal tinned). The results of 
the APT conformed with the outcomes of the laboratory study; the asphalt emulsions 
provided lower strains at the interface compared to RC-70 (cutback). PG 64-22 provided 
the highest shear strength at the interface, and milling the surface provided better bonding 
and rutting resistance compared to tinned and smooth surface. Well-cleaned PCC surface 
resulted in lower interface shear rutting. The residual application optimization results 
validated the optimum rate obtained in the lab, as 0.04 gal/yd2 (0.18 L/m2) provided the 
lowest interface strains and shear rutting (Leng et al., 2009). 
 The current study is a continuation of the aforementioned studies to examine the 
performance of various tack coat materials at the interface between HMA layers. This 
study determined the optimized tack coat residual application. In addition, it investigated 26 
 
CHAPTER 7 ACCELERATED PAVEMENT TESTING RESULTS AND 
ANALYSIS 
 
As shown in Figure 7-1, the Advanced Transportation Loading Assembly (ATLAS) 
located at ATREL was used to load the test sections at the centerline. At a loading speed of 
5 mph (9 km/h), ATLAS can cover a testing distance of 75 ft (22.5 m) either uni-directionally 
or bi-directionally. In this study, a uni-directional loading mode was applied. Tire 
configurations for each ATLAS test are shown in Table 7-1. The loading magnitude was 
increased during ATLAS Test 3 and Test 1 to accelerate the pavement damage and 
optimize the testing time.  
 
 
Figure 7-1.  Advanced Transportation Loading ASsembly (ATLAS). 
 
Table 7-1.  APT Loading Tire Configurations 
Configuration 
ATLAS Test 
Loading Magnitude  
(kip) Tire Type 
Tire Pressure
(psi) 
ATLAS Test 3 12 (before 20,000 cycles)14 (after 20,000 cycles) 
425 Single- 
Wide Base 120 
ATLAS Test 1 16 
ATLAS Test 2 16 
ATLAS Test 4 16 
ATLAS Test 5 16 
*1 psi = 6.89 kPa;1 kip = 4.45 kN 
 
Field testing started with ATLAS Test 3 in July 200  and all tests were com lete  in
November 2008. Testing was suspended between November 2007 and May 2008 to avoid 
testing at low temperatures in the winter. In the following sections of this chapter, the APT 
results are presented and analyzed in the order of the accelerated pavement testing 
performed. 
 
7.1 ATLAS TEST 3: SECTIONS A2-14 
 
As shown in Figure 7-2, Sections A2-14 were designed to evaluate the effect of the 
tack coat application rate. Two types of tack coat, RC-70 and SS-1hP, were evaluated at 
three residual tack coat application rates: 0.02, 0.04 and 0.09 gal/yd2 (0.09, 0.18, and 0.41 
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the effects of different parameters including tack coat type, curing time, temperature, 
HMA surface texture, and gradation of the HMA overlay. 
 
1.2. OBJECTIVES 
 
The main objective of this study is to assess the laboratory performance of 
commonly used tack coat materials and to determine the optimized residual tack coat 
application rate between HMA layers. To achieve that objective, an experimental 
program was developed that considered the various parameters contributing to interface 
shear strength of HMA-HMA interlayers. The parameters include tack coat application 
rate and type, overlay HMA type, tack coat curing time, temperature of testing, and 
existing HMA surface. A custom-designed shear fixture device was used for the 
performance testing. 
 
 1.3. RESEARCH SCOPE 
 
Chapter 1 includes a brief introduction that describes slippage failure at the interface 
between pavement layers. In addition, it discusses various tack coat materials that can be 
used as a bonding interlayer between different bound pavement layers. Previous testing 
programs, conducted at the University of Illinois at Urbana-Champaign, are also 
discussed in addition to the objectives and the methodology of this study. Chapter 2 is 
devoted for a literature review. Chapter 3 describes the testing program and discusses the 
material characteristics of the HMA and tack coat materials used. The testing results and 
the effects of the studied parameters on the interface bonding are presented and discussed 
in chapter 4. Chapter 5 presents the findings and conclusions of this study and makes 
recommendations for future research. 
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CHAPTER 2: LITERATURE REVIEW 
 
In flexible pavement design, the interface is usually assumed to be fully bonded. 
In real life, interface behavior depends on several factors and has significant impact on 
the pavement performance. The stress distribution in the pavement layers is greatly 
influenced by the degree of bonding between these layers. The debonding failure 
mechanism at the interface may occur in pure shear modes as shown in Figure 2.1. It can 
also take place in a combination of shear and tension (Ozer et al., 2008). 
 
Figure 2.1. Shear Failure Mechanism at layer interface. 
 
To better understand the behavior at the layer interface, Ozer et al. (2008) 
presented a frictional interface model that considered plasticity behavior. Non-associated 
plasticity, with nonlinear softening rules, was implemented to capture the interface 
response to simulate dilation at the interface. Dilation is defined as the volumetric 
expansion at the interface due to surface roughness during shear loading. The frictional 
nature of the developed model is ideal for use with interface problems under various 
loading conditions including pure shear, pure tensile, shear with compression, and shear 
with tension. The model’s approach is well suited to describe the dilation phenomena 
with sufficient accuracy. 
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Interface elements and models were generated using ABAQUS. The traction-
displacement response was developed for various loading combinations as shown in 
Figure 2.2. This study shows the impact of various mixed-loading combinations on 
interface behavior. It is evident from the frictional interface model that as normal 
pressure increases from 0 to 0.1 MPa, shear resistance increases, depending on the 
friction angle, as shown in Figure 2.2 (a). However, the presence of shear traction when 
interface is subjected to tensile separation reduces the maximum tensile tractions, as 
shown in Figure 2.2 (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
* 1 MPa = 144.9 psi 
 
Figure 2.2. A material point traction displacement response at various loading conditions 
(Ozer et al., 2008). 
 
Results of the aforementioned study were validated with laboratory testing at 
various temperatures. The interface bonding between HMA and PCC layers was 
investigated in the laboratory. The model yield surfaces with the experimental data are 
presented in Figure 2.3. The results showed that when tack coat is incorporated, the 
interface strength is temperature dependent. As temperature increases from 50 to 86oF 
(10 to 30oC), the equivalent tangential traction decreases. The developed model could 
successfully capture test results in the entire range of response without calibration. This 
suggests the suitability of the model for this application (Ozer et al., 2008). 
Based on the outcome of this study, it was determined that applying compression/tension 
with shear and measuring shear and dilation during interface testing is important. Hence, 
a new device capable of such measurement was needed and therefore developed. 
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Figure 2.3. Model yield surface with experimental data (Ozer et al., 2008). 
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2.1. DEFINITION OF TACK COAT 
 
Tack coat is a very light application of bituminous material applied with a 
distributor to an existing surface (Asphalt Institute, 1989). It provides bonding between 
the existing and new layers, which is crucial for the short- and long-term performance of 
pavements. Generally, hot asphalt cement, emulsified asphalt, and cutback asphalt have 
been used as tack coat materials. Emulsified asphalt (emulsion) includes asphalt cement 
and water mixed with an emulsifying agent. This emulsifying agent is used to allow 
water particles to exist within the asphalt cement in separate phases, since water doesn’t 
dissolve in asphalt. Emulsified asphalt can be categorized as liquid asphalt because, 
unlike the asphalt cement, it is liquid at ambient temperature (Asphalt Institute, 1989). 
Commonly used emulsions according to ASTM D977 and ASTM D2397 are 
anionic and cationic asphalt droplets. Most mineral aggregates bear positive or negative 
charges on the surface. The correct type of emulsion need to be applied to ensure charge-
attraction between emulsion and aggregates and thus provide better bonding. For 
example, most siliceous materials, such as quartz, sandstone, and siliceous gravel, are 
negatively charged, which means that they are compatible with cationic emulsified 
asphalt. Both anionic and cationic emulsions are further classified according to their 
setting (curing) rate.  
Anionic emulsions include slow, medium, and rapid setting, which can be referred 
to with the letters SS, MS, and RS respectively. The setting rate can be controlled based 
on the type and amount of emulsifying agent. Cutbacks are liquid asphalt-based materials 
that are produced by adding petroleum solvents to asphalt cement to reduce viscosity at 
lower temperatures. They include three types: rapid-curing (RC), medium-curing (MC), 
and slow-curing (SC).  Cutbacks are no longer used, however, because of their 
environmental harmful emissions (Asphalt Institute, 1989). 
 
2.2. TACK COAT APPLICATION RATE 
 
Strong bonding between pavement layers is essential for avoiding various types of 
distresses that can be caused by layer slippage or debonding. An optimum tack coat 
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application rate is required to provide good interface bonding at low cost. Pavement 
surfaces of different ages may require different application rates to provide proper 
bonding between the existing layer and overlay.  
Mohammad et al. (2002) found an optimum residual application rate for CRS 2P 
emulsion of 0.02 gal/yd2 (0.09 L/m2). The results of their study of six various tack coat 
materials found that this type of emulsion showed the highest interface shear strength. 
Chen and Huang (2010) found the optimum residual application rate for CRS emulsion to 
be close to 0.027 gal/yd2 (0.12 L/m2). In that study, two different emulsions were 
analyzed. However, it is important to consider the many factors that can cause a variation 
in the application rates, such as surface type, temperature, curing time, mix type, and tack 
coat material. In the current study, all of these effects were considered in order to obtain 
the optimum tack coat, application rate, and curing time as a function of existing 
pavement surface characteristics.  
 
2.3. TACK COAT SETTING TIME 
 
Diluted emulsions, which contain asphalt cement and water, are brown when 
applied. After a diluted emulsion sets, water evaporates and the tack coat color changes to 
black. The breaking (setting) process occurs when water particles in tack coat materials 
evaporate, leaving the asphalt residue on the surface. Curing time varies with various tack 
coat material types due to differences in emulsifying agents. Rapid-setting emulsion 
usually requires much shorter time than slow-setting emulsions. The bonds between the 
interlayer surfaces start forming as soon as the emulsion breaks. Usually, most tack coat 
materials require 1 to 2 hrs in order to fully cure (set). It is generally recommended to let 
the materials completely cure before placing new HMA layer on top of them. Various 
studies confirmed this recommendation by showing that longer curing time results in 
better interface strength performance. Chen and Huang (2010) found a slight increase in 
shear strength by increasing curing time by up to 45 min. A slight increase in strength 
occurs up to a certain point and then stays stable. Figure 2.4 illustrates the trend observed 
in Chen and Huang’s study. 
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Figure 2.4. Effect of curing time on peak shear stress for PAC-SMA system  
under 80.06 psi (552 kPa) normal stress at 77°F (25°C) (Chen and Huang, 2010). 
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2.4. INTERFACE BOND TESTING 
 
The interface failure between pavement layers can occur due to shear, tension, or 
a combination of shear and tension. Several studies evaluated the interlayer bonding 
using different modes performance tests including direct shear, pull-off, and torsion tests. 
These tests used laboratory-prepared or field-cored specimens, and were conducted either 
in the field or the lab. Uzan et al. (1978) were among the first researchers who used 
laboratory testing to study adhesion strength of pavement interfaces. Their study 
evaluated bonding properties between two HMA layers using a direct shear test. They 
found that increasing the tack coat application rate strengthened interface bonding up to 
an optimum point, which was 0.22 gal/yd2 (0.98 L/m2) at 77°F (25°C) and 0.11 gal/yd2 
(0.49 L/m2) at 131°F (55°C), respectively. This section focuses on the laboratory tests 
and practices that were conducted to study bonding performance at the interface. 
 
2.4.1. LABORATORY TESTING 
 
Donovan et al. (2000) conducted a laboratory study at Virginia Tech to optimize 
the application rate of tack coat for geocomposite membrane in roads and overlaid bridge 
decks. The testing device, shown in Figure 2.5, was designed to allow application of 
cyclic loading at an interlayer when sandwiched between PCC and HMA; simulating 
interlayer placed on a bridge deck under HMA overlay or between HMA layers. The tack 
coat application rate at both sides of the geocomposite membrane was studied. The 
optimum tack coat application rate was defined as the amount required to sustain a higher 
number of loading cycles to failure. The study recommended using 2.58 lbs/yd2 (1.40 
kg/m2) when the geocomposite is in contact with an HMA base. An application rate of 
2.77 lbs/yd2 (1.50 kg/m2) was recommended when the geocomposite is in contact with an 
HMA wearing surface, while 3.23 lbs/yd2 (1.75 kg/m2) was recommended when the tack 
coat would be in contact with PCC. In addition, it was found that the use of polymer 
modified binder tack coat slightly increased the number of cycles to failure. 
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Figure 2.5. Interface Testing Device Developed at Virginia Tech. (Donovan et al., 2000).  
 
A previous study was conducted at the Advanced Transportation Research and 
Engineering Laboratory (ATREL) of the University of Illinois at Urbana-Champaign to 
evaluate the performance of tack coat as a bonding material between PCC specimens 
overlaid by HMA specimens (Al-Qadi et al., 2008). The device used in the study is 
shown in Figure 1.3. The apparatus is designed to accommodate a 3.87-in (98.4-mm) 
diameter field PCC core bonded with a 3.94-in (100-mm) diameter laboratory-prepared 
HMA specimen compacted after applying tack coat to the PCC surface. Two testing 
modes can be used to evaluate the performance of tack coat using this device: cyclic 
mode, which evaluates the performance based on number of cycles to failure; and 
monotonic mode, which evaluates tack coat strength based on peak load before failure. In 
the 2008 study, monotonic mode was used because it was found to better quantify 
interface strength during preliminary testing. A shear rate of 0.47 in/min (12 mm/min) 
was used.  
That study used various HMA mixtures (SM-9.5, IM-19.0A, and IM-19.0B), tack 
coat types (SS-1hp, SS-1h, and RC-70), residual application rates (0, 0.02, 0.05, and 0.09 
gal/yd2; 0, 0.08, 0.31, and 0.39 L/m2), and concrete surface textures (smooth, transverse 
tined, longitudinal tined, and milled). The tests were conducted at various temperatures 
(50°F, 68°F, and 86°F; 10°C, 20°C, and 30°C) and moisture conditions (dried and 
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saturated). Analysis of that experiment showed that asphalt emulsions SS-1h and SS-1hp 
provided better interface bonding strength than did the cutbacks (RC-70). An optimum 
tack coat application rate was found to be 0.04 gal/yd2 (0.18 L/m2) for SS-1hp emulsion 
(Leng et al., 2008). In addition, it was found that surface mix provided better interface 
bonding than binder mix. The milled PCC surface provided the highest shear strength, 
and moisture conditioning significantly reduced interface shear strength.  
A direct shear testing device, known as the Louisiana Interlayer Shear Strength 
Tester (LISST), was developed to characterize interface shear strength (Bae et al., 2010). 
This device can accommodate specimens up to 4 in (101.6 mm) in diameter. The test was 
performed monotonically at a shear rate of 0.1 in/s (2.54 mm/s). Bae et al. (2010) 
investigated the effect of temperature on tack coats by studying shear strength 
performance at various temperatures. The results showed an increasing trend with 
application rate; accordingly, the best performance was seen at 0.156 gal/yd2 (0.7 L/m2). 
In addition, interface shear strength decreased as the temperature increased.  
The ASTRA device is a direct shear box designed to evaluate multi-layered 
bituminous systems at various controlled temperatures (Santagata et al., 2008). The 
specimen is placed in two caps separated by a gap where shear is applied. The interface is 
placed within this gap to ensure that the shear load is applied at the weakest plane, where 
failure due to shear displacement occurs. Santagata et al. (2008) investigated the effect of 
air void content and surface roughness on interlayer shear behavior in asphalt pavements. 
That investigation showed that increasing the air void content made the surface texture 
rougher and thus increased bonding at the interface between the two HMA mix layers.  
The Leutner testing device was developed in Germany in 1979 (Mohammad et al., 
2005). It measures the maximum load corresponding to the shearing displacement to 
evaluate bonding performance between layers and thus evaluate tack coat materials. This 
device applies a constant shear displacement at a rate of 1.97 in/min (50 mm/min). The 
specimens are loaded monotonically at a strain-controlled mode. The Leutner device can 
accommodate cylindrical specimens up to 5.9 in (150 mm) in diameter or composite 
cubical 12 × 12-in (305 × 305-mm) specimens. The Layer-Parallel Direct Shear (LPDS) 
testing device (Santagata et al., 2008) is a modified version of the Leutner device for 
evaluating in-layer and interlayer shear properties of HMA mixes. The LPDS 
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accommodates cylindrical specimens with a diameter up to 5.9 in (150 mm) or prismatic 
specimens of 5.9 × 5.12 in (150 × 130 mm). In-layer shear properties determine the 
quality of the mix, while the interlayer shear determines the bonding performance of the 
tack coat material used. The LPDS is a strain-controlled test and uses specimens that are 
either lab fabricated or field cored.  
The Virginia shear fatigue test (Donovan et al., 2000) measures the number of 
shear loading cycles that are required to cause failure at the interface. The fatigue loading 
approach is believed to simulate the movement of vehicles on pavement and thus can 
better determine the optimum application rate of a tack coat material. The test evaluates 
composite cylindrical specimens, 3.69 in (93.7 mm) in diameter of HMA compacted on 
top of concrete cores. This test provides the maximum shear stress at each cycle and 
maximum shear stress against the number of cycles to failure. 
West et al. (2005) used the National Center for Asphalt Technology (NCAT) 
bond strength device with some modifications to evaluate the performance of interface 
bonding. The device can to apply normal load (perpendicular to shear load) to the 
specimens. The results showed that interface bond strength decreased at higher 
temperatures. For tack coat type effect, considerable difference existed between the 
binder and the emulsions. The two emulsion types considered in the study performed 
better than the PG 64-22 binder. Evaluating the mix type showed that the fine mix had 
higher strength than the 19.0-mm mix. These results appeared to contradict those 
obtained in other studies. 
Woods (2004) developed two devices to determine tack coat adhesive strength 
and interface shear strength. The first, called the Tack Coat Evaluation Device (TCED), 
measures tensile and torque shear strength of a tack coat material by compressing an 
aluminum plate to a surface with tack coat. The second device is the Laboratory Bond 
Interface Strength Device (LBISD). This apparatus uses the standard Marshall loading 
device to obtain the shear strength of laboratory-prepared specimens. No normal load is 
applied, and it uses a constant displacement rate of 2.0 in/min (50.8 mm/min).  
Tashman et al. (2008) used three tests to investigate the interface bonding 
between an existing HMA layer and an HMA overlay: the Florida DOT shear test, the 
torque bond test, and the University of Texas–El Paso (UTEP) pull-off test. The 
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researchers concluded that the milled surface improved interface bonding between HMA 
layers. Curing time and equipment tracking were insignificant factors. An interesting 
finding was that the absence of a tack coat in the milled sections did not influence shear 
strength; but it did for the unmilled sections. In the torque bond test, the milled sections 
performed better, and the absence of a tack coat in the unmilled sections decreased 
bonding. The UTEP pull-off test showed that the unmilled sections had greater bonding 
than the milled ones. The researchers also noted that, of the three tests, the Florida DOT 
shear test better simulates the stress state in the field. 
 In summary, the interface between pavement layers can fail under various modes 
of loading including pure shear and combined shear-tension loads. Hence, it is crucial to 
enhance the bonding performance between different layers using tack coat. Previous 
researches have shown that the performance of tack coat can be influenced by several 
factors including application rate, curing time, tack coat material, and temperature. Some 
researchers found out that applying tack coat at the optimum rate achieves the best 
bonding performance. On the other hand, some researchers concluded that bonding 
performance increases as the tack coat application rate increases. 
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CHAPTER 3: EXPERIMENTAL PROGRAM 
 
This chapter explains the testing plan that was designed to meet the objectives of 
this study. The volumetric properties of the HMA used are provided in addition to the 
properties of the tack coat materials. The specimen preparation process is described, 
including all details about cutting of cores, tack coat application, and HMA compaction. 
The variables examined in this research work are presented in the testing program. 
 
3.1. METHODOLOGY 
 
This study evaluates the performance of different tack coat materials and the 
effect of different parameters through shear-performance tests at the interface between 
HMA-HMA layers. This section includes detailed information about the interface shear 
testing device used to achieve the objectives of the study. This device is developed at 
University of Illinois at Urbana-Champaign, and is primarily used to study the strength 
performance at the interface between different layers. 
 
3.1.1. INTERFACE SHEAR TESTING DEVICE 
 
This study used a laboratory overlay shear testing device, shown in Figure 3.1, 
which is custom designed to evaluate bonding strength between pavement layers. It 
allows conducting a shear load-related performance tests to evaluate tack coat bonding 
between HMA-HMA layers as well as HMA-PCC layers and measures the change in 
shear load, dilation, and shear displacement during testing.  
 
 
Figure 3.1. Tack Coat Shear Test Device. 
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The dimensions of the fixture allow specimens to be placed into a servo-hydraulic 
asphalt testing machine. Tests can be conducted at a monotonic load mode that measures 
the maximum shear load and its corresponding shear displacement to evaluate the 
interface strength. In addition, this device can be used to run fatigue shear tests, which 
can apply cyclic loads at different desired frequencies and thus better simulate field 
conditions. Both test modes can be run with either constant load or displacement rates. In 
the monotonic testing mode, shear load and displacement are measured along with testing 
time. The relationship between shear strength and displacement can be plotted making 
sure that the displacement value starts from zero. Figure 3.2 illustrates a typical load-
displacement curve at 20 psi (0.137 MPa). 
 
 
Figure 3.2. Typical shear load-displacement curve. 
 
The mechanism of testing depends primarily on three parts of the fixture: the 
shear load stroke, the normal pressure load cell, and the specimen housing chamber. Two 
load cells, 10 and 22 kips (44 kN and 97.8 kN), are used for this test. This allows the 
consideration of high shear load performances between layers. High shear load can be 
generated when applying high normal pressure. An air pressure actuator connected to a 
miniature load cell with a capacity of 2 kips (8.9 kN) is used as a normal pressure system 
to simulate the confinement occurring due to the tire contact pressure on the pavement. 
This device allows both static and dynamic loads to be applied on the specimen. The 
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housing chamber is designed to hold the specimen fixed during testing. The fixture can 
accommodate 3.93-in and 5.90-in (100-mm and 150-mm) diameter specimens with 
heights ranging from 3.7 in to 4.3 in (94 to 109 mm). To allow room for dilation during 
the test, it is recommended that specimens be between 3.70 in to 3.86 in (94 mm and 98 
mm) long. If the specimen is too short, steel fillers of same specimen diameter can be 
used to align the interface in the middle of the gap, where shear is occurring. Two linear 
variable differential transducers (LVDTs) are used to measure both the shear 
displacement and the dilation. It is important to note that dilation is the evaluation of the 
enlargement of the specimen at an axis that is perpendicular to the shear load direction.  
The shear fixture is placed in an environmental chamber that can maintain 
temperatures ranging from -40oF to 302oF (-40oC to 150oC), which is required to evaluate 
the temperature effects on tack coat shear performance. The specimen is placed in the 
housing chamber, where both layers are capped to control their movement. One layer is 
held stationary while the other layer is moved at a certain shearing displacement rate that 
allows shear at the interface to take place. The loading is aligned and centered above the 
interface using an S-shaped aluminum part. Shear load, shear displacement, and dilation 
are recorded with a data acquisition system.  
This study used specimens with diameters of 3.97 in (100 mm) and heights of 
3.70 to 3.86 in (94 to 98 mm). A normal pressure of 1 psi (0.0069 MPa) was applied to 
ensure a minimum confinement of the specimen. In addition, this test was run in a 
monotonic displacement-controlled testing mode at an applied shear rate of 0.005 in/sec 
(0.127 mm/sec). During preliminary testing to prepare for this study, different obstacles 
were faced. The initial program of testing included a confinement pressure of 20 psi 
(0.137 MPa). This normal pressure was found to be high, which caused aggregate 
breakage at the interface and resulted with higher shear loads. This can affect selection of 
the best tack coat material because not only is the bonding strength of tack coat material 
evaluated, but so is the shear strength coming from the confinement. The specimens were 
initially designed to have a height of 4 in (103 mm). Although the dimensions of the 
cabin can accommodate up to 4.3 in (109 mm), the dilation of many specimens was 
higher than 0.3 in (6 mm). This resulted with higher normal load application on the 
specimen after reaching the end of the dilation range because the specimen cabin wall 
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was pushing the normal load cell and thus more normal load is applied to keep a reading 
of 1 psi (0.0069 MPa). As a result, the specimens were shortened to 3.7 to 3.8 in (94 to 98 
mm) to allow more room for dilation. 
 
3.2. MATERIAL CHARACTERIZATION 
 
Two HMA mixes (9.5 mm NMAS surface mix and 4.75 mm NMAS leveling 
binder) were used as overlays (top-layer mixes) to study the effect of mix gradation. The 
gradations and volumetric properties for both mixes are presented in this section. In 
addition, four tack coat materials (SS-1hp, HFE, SS-1vh, and PG 64-22) were applied to 
different pavement surfaces to examine the effect of changing the tack coat. The first 
three tack coat materials (SS-1hp, HFE, and SS-1vh) are emulsions, and the PG 64-22 
binder was compared to them. The properties of those materials are also presented.  
 
3.2.1. HOT MIX ASPHALT VOLUMETRIC PROPERTIES 
 
Two types of HMA mixture layers were used to prepare composite specimens. A 
surface mix of 9.5-mm NMAS and a leveling binder mix of 4.75-mm NMAS were 
selected because they are commonly used in Illinois. The aggregate gradations of these 
mixes are provided in Table 3.1. All aggregates were fractionated to specific sieve sizes 
used by IDOT (3/4 in, 1/2 in, 3/8 in, No. 4, No. 8, No. 30, pan) using a mechanical shaker; 
a subsequent manual sieving ensured good fractionation of materials. It should be noted 
that PG 64-22 binder was used for the 9.5-mm NMAS mix, while PG 70-22 binder was 
used for the 4.75-mm NMAS mix. 	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Table 3.1. HMA Mix Formula 
Property Passing Ratio (%) 
Aggregate 
Gradation 
Sieve Size SM-9.5 SM-4.75 
(mm) (in) 
25.4 1 100.0 100.0 
19 3/4 100.0 100.0 
12.5 1/2 100.0 100.0 
9.5 3/8 97.7 100.0 
4.75 #4 59.1 99.5 
2.36 #8 38.2 83.3 
1.18 #16 25.9 58.4 
0.6 #30 17.7 39.7 
0.3 #50 9.5 19.0 
0.15 #100 6.2 11.2 
0.075 #200 4.9 8.5 
Asphalt Cement Grade PG 64-22 PG 70-22 
Asphalt Content (%) 6.1 8.7 
Maximum Specific Gravity 2.465 2.368 	  
The volumetric properties of the mixes were verified before the specimens were 
prepared. Volumetric properties are included in Appendix B. The number of gyrations 
required to achieve 7% air void content was measured for each mix. Compaction curves 
were produced by compacting three specimens (4-in (101-mm) diameter and 
approximately 4-in (101-mm) high) at three different gyrations (50, 60, and 70). The 
compaction curves for the three mixes are presented in Figures B1 and B2 (Appendix B). 
 
3.2.2. TACK COAT PROPERTIES 
 
Three emulsion types were used: SS-1hp, high float emulsion (HFE), and SS-1vh. 
The properties for these materials are presented in Table 3.2. The fourth tack coat used 
was straight asphalt (PG 64-22).  	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Table 3.2. Tack Coat Properties 
Tack Coat Property SS-1hp HFE SS-1vh PG 64-22 
Specific Gravity @ 60°F (15.6°C) 1.017 1.015 1.03 1.032 
Asphalt Residue Rate by Volume (%) 61.1 65.4 56.1 100 
Glass Transition Temperature (°C) 2.50 2.23 2.78 — 	  
Unmilled aged non-trafficked, unmilled aged trafficked, and milled aged cores 
were used as existing layers during specimen preparation. The unmilled aged trafficked 
cores were obtained from IDOT District 4 Route 71, while the unmilled aged non-
trafficked cores were obtained from a study section at the Illinois Center for 
Transportation (ICT). Milled aged cores were obtained from IDOT District 4 Route 23.	  
	  
3.3. SPECIMEN PREPARATION 
	  
Composite specimens of two HMA layers were prepared in order to examine the 
bonding strength at the two-layer interface. Milled and trafficked unmilled cores were 
obtained from aged pavements, while some additional unmilled cores were obtained from 
untrafficked HMA pavement sections at the ICT that were constructed in 2009. All cores 
were cut using a water-cooled 5-mm-blade mechanical saw to a height of 1.88 to 2.09 in 
(48 to 53 mm); the cores’ surfaces were cleaned by pressurized water to remove any 
leftover materials from the surface due to saw cutting, and left to dry for two days.  
The tack coat application rate was based on the residual rate for emulsions and 
same application rate for the PG 64-22. The application rate was calculated by weight 
using the specific gravity, dilution rate, and cross-sectional area of the specimen. The 
following equation was used to estimate the amount of applied tack coat in grams: 
 𝑊𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑡𝑎𝑐𝑘  𝑐𝑜𝑎𝑡 = 2.9205× 𝑇𝑎𝑟𝑔𝑒𝑡𝑒𝑑  𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙  𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛  𝑅𝑎𝑡𝑒×𝐴𝑟𝑒𝑎×𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝐺𝑟𝑎𝑣𝑖𝑡𝑦𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛  𝑅𝑎𝑡𝑒  𝑜𝑓  𝑡𝑎𝑐𝑘  𝑐𝑜𝑎𝑡  
 
where 
• Weight of tack coat is the weight in grams of the tack coat material applied on the 
bottom layer (existing surface) 
• Targeted residual application rate is the application rate that is aimed to be achieved 
in gal/yd2 
(1)	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• Area is the cross sectional area of the specimen in in2 
• Specific gravity is that for the tack coat based on its specification 
• Dilution rate is the amount of residual asphalt to water in the tack coat material 
• The constant number (2.9205) in the relationship is a conversion factor that converts 
gallons to liters and yd2 to in2 to maintain consistency in the units. 
 
The tack coat was carefully applied using a paint brush after placing the specimen 
on a sensitive balance. The applied tack coat was distributed evenly to achieve uniform 
application thickness. The application of tack coat should be done quickly to ensure 
accurate weight measurements as tack coat starts curing after application. The cores were 
removed from the balance and stored for the curing period on shelve at room temperature. 
The tack coat was then cured for various time periods (0 to 24 hrs), depending on the 
testing program. During the curing period, water evaporates, leaving only the residual 
material on the surface.   
After curing was complete, the surface mix was then compacted on top of the 
existing layer using a portable gyratory compactor, to an air void content of 7%. The 
amount of surface mix was measured before compaction to ensure constant air void 
content and specimen height. Thirty three gyrations were applied to compact the 9.5 mm 
NMAS mix on top of the cored specimens, while 14 gyrations were applied to the 4.75 
mm NMAS mix to achieve 7% air void content. The specimen compacted at 33 gyrations 
to achieve 7% air void content had a full height of 3.93 in (100 mm) based on the 
compaction curve that are presented in Appendix B. Thus, half of the weight of this 
specimen was used to compact the surface mix. The height requirement was met and thus 
7% air void content was ensured. Compaction was originally proposed to be done using 
hot molds to prevent loss of heat during compaction. The molds were heated at the 
compaction temperature of the mixes. However, it was observed that using hot molds 
provides excessive heat, which allows the binder in the asphalt concrete to provide higher 
bond with the tack coat leading to higher shear strength results during the test as well as 
greater interlock between layers than normal application. As a result, cold molds were 
used to compact the specimens, which better simulates the field condition during mix 
compaction. This procedure was followed throughout the study, as shown in Figure 3.3, 
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to obtain consistent results. Specimens tested at 77°F (25°C) were conditioned in a 
climatic chamber for 24 hrs before testing. Specimens tested at lower temperatures, in 
accordance with the testing program, 5°F (–15°C) and 41°F (5°C), were conditioned in a 
freezer at those temperatures for 24 hrs and then moved to the chamber, which had 
previously been conditioned for two hrs. The specimens tested at 113°F (45°C) were 
conditioned in the oven for two hrs prior to testing.  	  
 
Figure 3.3. Specimen preparation steps: (a) tack coat application, (b) curing process, (c) 
compaction, and (d) curing before moving to the climatic chamber. 	  
When field cores are smaller than the diameter of the molds; a tape can be 
wrapped around the specimen to increase the diameter, as shown in Figure 3.3 (b). 
 
3.4. TESTING PROGRAM 
 
This study evaluated the effects of several key parameters on interface bonding, 
including overlay surface mix type, interface texture, existing layer mix type, tack coat 
material, tack coat application rate, testing temperature, and curing time.  
The HMA surface mixtures evaluated were a 9.5-mm surface mix and a 4.75-mm 
leveling binder mix. Unmilled aged non-trafficked cores, milled aged cores, and unmilled 
aged trafficked cores were used as the existing layers. Tack coat materials used in this 
study were SS-1hp, HFE (medium-setting emulsion), SS-1vh, and straight asphalt (PG 
64-22). Five different residual tack coat application rates were considered (0, 0.02, 0.04, 
0.06, and 0.08 gal/yd2; 0.00, 0.09, 0.18, 0.26, and 0.36 L/m2). Tack coat curing time was 
examined by studying shear strength at three various curing periods: 0.25, 2, and 24 hr. 
Temperature effect was examined by studying interface bonding at four different 
  (a)   (b)   (c)   (d) 
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temperatures (5°F, 41°F, 77°F, and 113°F; –15°C, 5°C, 25°C, and 45°C). To ensure 
reliable results, the performance and robustness of the custom-designed shear device and 
specimen preparation protocols were verified by repeatability tests. The coefficient of 
variation (COV) was less than 15% for the majority if the tests, and error bars were 
included in the graphs.  
The magnitude of the ideal testing program, in which all aforementioned key 
parameters are considered, would require 4,320 based on the following variables: 
- Two asphalt mixes (4.75 mm and 9.5 mm NMAS) 
- Three curing time (0.25, 2, and 24 hrs) 
- Four testing temperatures (5°F, 41°F, 77°F, and 113°F; –15°C, 5°C, 25°C, and 
45°C) 
- Fives application rates (0, 0.02, 0.04, 0.06, and 0.08 gal/yd2; 0.00, 0.09, 0.18, 
0.26, and 0.36 L/m2) 
- Four tack coat materials (SS-1hp, SS-1vh, HFE, and PG 64-22) 
- Three surface textures (unmilled aged non-trafficked, milled aged, and 
unmilled aged trafficked). 
- Three replicates to ensure good repeatability 
However, to complete the study within reasonable time and with available 
resources, six main steps were identified and implemented: 
1. Optimum residual tack coat application rate that provides the highest interface 
shear strength. This step was conducted by varying tack coat residual application 
rates from 0 to 0.08 gal/yd2 (0 to 0.36 L/m2) and using various existing HMA 
layers (unmilled aged non-trafficked cores, milled aged cores, and unmilled aged 
trafficked cores). Specimens were prepared with 9.5-mm surface mix and one 
tack coat material (SS-1vh), which was cured for 2 hr. All tests were conducted at 
room temperature 77°F (25°C).  
2. Tack coat material applied at the interface. Specimens were prepared using a 
9.5-mm surface mix and unmilled aged non-trafficked cores. Four tack coat 
material types were used (SS-1hp, HFE, SS-1vh, PG 64-22). All tack coats were 
applied at the optimum residual application rate obtained from the first step. The 
tack coat materials were cured for 2 hr and tests were conducted at 77°F (25°C).  
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3. Curing time for tack coat. Three tack coat material types (SS-1hp, HFE, and SS-
1vh) were applied at the interface between the 9.5-mm surface mix and unmilled 
aged non-trafficked cores. All tack coat materials were applied at the obtained 
optimum residual application rate and were cured for 0, 2, and 24 hr. All tests 
were conducted at 77°F (25°C) to ensure consistency during testing.  
4. Testing temperature. Specimens were conditioned at four different temperatures 
(5°F, 41°F, 77°F, and 113°F;  –15°C, 5°C, 25°C, and 45°C ). SS-1vh tack coat 
was applied at the optimum application rate and cured for 2 hr. A surface mix of 
9.5-mm NMAS was used as a top layer, while unmilled aged non-trafficked cores 
were used as a bottom layer. This test was carried out after conditioning the 
specimens at the chosen temperature for 24 hr. 
5. Surface mix type. Two HMA overlay mixes were considered—a 9.5-mm surface 
mix and a 4.75-mm leveling binder mix. The two mixes were compacted on top of 
three various existing layers: unmilled aged non-trafficked cores, milled aged 
cores, and unmilled aged trafficked cores. The tack coat material was selected per 
step 2, applied at an optimum residual tack coat rate per step 1, and cured for an 
optimum curing period per step 3. All tests were conducted at 77°F (25°C).  
6. Surface texture. Three surface textures (unmilled aged non-trafficked, milled 
aged, and unmilled aged trafficked) were examined. The optimum amount of SS-
1vh tack coat was applied on the various surfaces, and a 9.5-mm NMAS surface 
mix was compacted on top. The tack coat was cured for 2 hr, and specimens were 
tested at room temperature, 77°F (25°C).  
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CHAPTER 4: TEST RESULTS AND DISCUSSION 
 
The direct shear test results were analyzed to evaluate the effect of the various 
parameters considered in this study. Three replicates were tested to ensure statistical 
repeatability. Both the averages and coefficients of variations (COV) were calculated, 
and the error bars based on standard deviation were included in the graphs. The results 
discussed below are presented in six categories: optimum tack coat application rate, and 
effects of tack coat type, surface texture, curing time, temperature, and mix type. Both the 
shear strength and initial tangent stiffness of tack coat materials are reported. 
 
4.1. OPTIMUM TACK COAT APPLICATION RATE 	  
The optimum tack coat rate at the interface ensures better bonding against shear 
loading applied through vehicular loading. In this study, the optimum rate is presented as 
residual, which means that a different application rate based on the dilution rate will be 
used in the field. Specimens with different application rates, ranging from 0 to 0.08 
gal/yd2 (0 to 0.36 L/m2), were prepared with one type of tack coat (SS-1vh), three bottom 
layer mixes (unmilled aged non-trafficked, unmilled aged trafficked, milled aged cores) 
and one surface mix (9.5 mm).  
As presented in Table 4.1, testing results show high consistency in peak loads; the 
COVs do not exceed 15% for most of the results. Based on the relationship between shear 
strength and tack coat application rate, shown in Figure 4.1, it was observed that the peak 
shear strength increases at residual application rates up to 0.04 gal/yd2 (0.18 L/m2) for 
unmilled aged trafficked and aged non-trafficked surfaces, then begins to decrease. Slight 
increase in strength was observed at 0.06 gal/yd2 (0.27 L/m2) for unmilled aged non-
trafficked surface, but that was statistically insignificant compared to 0.04 gal/yd2 (0.18 
L/m2). An increase in strength was observed for milled-surface specimens up to an 
optimum rate of 0.06 gal/yd2 (0.27 L/m2).  
As a result, it can be concluded that 0.04 gal/yd2 (0.18 L/m2) is the optimum 
residual tack coat application rate for unmilled aged trafficked and non-trafficked 
surfaces, while 0.06 gal/yd2 (0.27 L/m2) is the optimum for milled aged surface. Interface 
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bonding is weaker at lower residual rates because sufficient tack coat is not available to 
ensure strong bonding to resist shear stresses. Shear strength also decreases when the 
application rate is higher than optimum because excess tack coat material causes slippage 
at the interface, resulting in high shear displacements.   
 
Table 4.1. Analysis of Optimum Tack Coat Residual Application Rate 
Residual 
Rate 
(gal/yd2)* 
Unmilled Aged 
Trafficked Cores 
Milled Aged Cores Unmilled Aged Non-
trafficked Cores 
Shear Strength 
(psi)** 
COV 
(%) 
Shear Strength 
(psi) 
COV 
(%) 
Shear Strength 
(psi) 
COV 
(%) 
0.00 82.9 13.6 123.7 11.4 80.8 2.4 
0.02 136.1 17.8 127.2 9.0 115.5 2.5 
0.04 144.2 7.8 136.9 4.1 123.5 1.1 
0.06 126.2 10.8 155.9 17.0 125.7 4.7 
0.08 113.3 11.8 128.9 3.7 122.8 3.0 
*  1 gal/yd2 = 4.5 L/m2 
** 1 psi = 6.9 kPa 
 
 
 
 
Figure 4.1. Tack coat optimum rates. 
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4.2. EFFECT OF TACK COAT TYPE 	  
Four different tack coats were tested on top of unmilled aged non-trafficked cores: 
SS-1hp, HFE (medium-setting emulsion), SS-1vh (non track tack coat), and straight 
asphalt (PG 64-22). As discussed in the previous section, 0.04 gal/yd2 (0.18 L/m2) was 
used as the tack coat residual application rate. All tack coat materials were cured for 2 hrs; 
the 9.5-mm surface mix was then compacted as a top layer at 7% air void content. All 
specimens were conditioned at 77°F (25°C) for 24 hrs. As shown in Figure 4.2, the SS-
1vh coat provided the highest shear stress before failure, with an average peak load of 
1,587 lbf (7.06 kN). The obtained results had good repeatability since the calculated 
COVs did not exceed 15%, as seen in Table 4.2. Therefore, the SS-1vh tack coat 
provided a high level of interface bonding. Future studies are recommended to compare 
and analyze different mixes as bottom layers.  
 
Table 4.2. Analysis of Tack Coat Type Using 0.04 gal/yd2 Application Rate 
Tack Coat Shear Strength  (psi) 
Standard 
Deviation 
COV  
(%) 
SS-1hp 93.7 4.6 5.0 
HFE 83.8 9.3 11.2 
SS-1vh 127.1 19.1 15.1 
PG 64-22 89.2 1.9 2.2 	  	  	  	  	  	  	  	                  * 1 psi = 6.9 kPa 
 
  
Figure 4.2. Measured shear Strengths for various tack coat types. 
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When comparing interface initial tangent shear stiffness, utilizing various tack 
coat materials considered in this study, it was observed that SS-1vh had the highest initial 
tangent shear stiffness followed by PG 64-22, SS-1hp, and HFE, respectively. SS-1vh is a 
polymerized emulsion that is stiffer than SS-1hp.   
 
 
Figure 4.3 Initial Tangent Shear Stiffness for Different Tack Coat materials. 
 
4.3. EFFECT OF SURFACE TEXTURE 	  
Three surface textures were examined: milled aged, unmilled aged trafficked, and 
unmilled aged non-trafficked surfaces. Cores with these three surface textures were used 
as bottom layer mixes, while a surface asphalt mix of 9.5-mm NMAS was compacted as 
a top layer. Only one type of tack coat (SS-1vh) was applied between both layers, at the 
optimum residual rate previously obtained for each surface.  
The results, illustrated in Figure 4.4, show a clear increase in strength as a result 
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and, to a greater extent, the higher texture depth at the interface, which provides better 
bonding between surfaces. The unmilled aged non-trafficked surface provides lower 
bonding than the aged trafficked surface. Milling the surface increased the variability in 
the results due to variations in the surface texture. Good statistical difference can be 
observed between milled aged and unmilled aged non-trafficked surfaces. However, there 
wasn’t clear statistical difference between milled aged and unmilled aged trafficked 
surfaces. The average shear strength results show a remarkable increase in the interfacial 
strength (20 psi) when milling the surface as shown in Table 4.3. 
 
Table 4.3. Analysis of Surface Texture 
Bottom Layer Shear Strength  (psi) 
Standard 
Deviation 
COV 
(%) 
Unmilled Aged Trafficked 145.1 11.3 7.8 
Milled Aged 164.5 21.9 13.3 
Unmilled Aged Non-trafficked 124.2 1.3 1.1 
             * 1 psi = 6.9 kPa 
 
 
 
Figure 4.4. Effect of surface texture on interface shear stress. 
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4.4. EFFECT OF CURING TIME  	  
Curing time can greatly affect interface shear strength; especially at short curing 
durations. Hence, the effect of curing time was examined for three tack coat materials: 
SS-1hp (slow-setting emulsion), HFE (medium-setting emulsion), and SS-1vh (non track 
tack coat). Unmilled aged non-trafficked cores were used as a bottom layer to make the 
composite specimens, and 9.5-mm surface mix was used for the top layer. Each tack coat 
was cured for three time periods: 15 mins, 2 hrs, and 24 hrs. The specimens were 
conditioned at 77°F (25°C) prior to testing.  
The results, as depicted in Figure 4.5 and Table 4.4, show an increase in strength 
in curing time at 2 hrs compared to that at 15 mins, for all tack coat materials. This 
increase occurs as more water evaporated. Although only slow- or medium-setting 
emulsions are affected by time, SS-1vh appears to require 2 hrs for effective curing. 
However, a reduction in emulsion performance was observed at a 24-hr curing time based 
on average results. Therefore, a 24-hr waiting period is not needed for SS-1hp; the 
optimum observed curing time is 2 hrs. The error bars in Figure 4.5 show insignificant 
difference in strength between 2-hr and 24-hr curing. Hence, there is no need to wait for 
24 hrs before applying overlays. The precise optimum curing time is a function of the 
tack coat material used; therefore, it has to be identified by the manufacturers.  
 
Table 4.4. Analysis of Curing Time 
Tack Coat Curing Time (hrs) 
Shear Strength 
(psi) 
Standard 
Deviation 
COV  
(%) 
SS-1hp 0.25 77.7 12.92 16.7 
SS-1hp 2 93.7 4.65 5.0 
SS-1hp 24 87.2 14.55 16.8 
HFE 0.25 72.5 10.28 14.3 
HFE 2 83.8 9.34 11.2 
HFE 24 74.5 4.72 6.4 
SS-1vh 0.25 88.9 12.37 14.0 
SS-1vh 2 127.1 19.12 15.1 
SS-1vh 24 115.1 4.69 4.1 
          * 1 psi = 6.9 kPa 
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Figure 4.5. Effect of tack coat curing time on interface shear strength. 
 
4.5. EFFECT OF TEMPERATURE  	  
Specimens were conditioned at four different temperatures (5°F, 41°F, 77°F, and 
113°F; –15°C, 5°C, 25°C, and 45°C) to study the change in performance at the interface. 
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cores. The specimens were cured prior to testing for 24 hrs at the chosen temperatures. 
To avoid changes in HMA and tack coat properties caused by excessive heating, 
specimens at 113°F (45°C) were conditioned for 3 hrs before testing because less time is 
required to reach that temperature.  
It was observed that interface shear strength decreases as testing temperature 
increases within the temperature range involved in this study. This reduction in strength 
occurs due to the decrease the tack coat material moduli as temperature increases; hence, 
increase in deformability. It was noted that shear strength is lower at 5°F (–15°C) than at 
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a glassy transition temperature (Tg) of 36°F (2°C). Because the testing temperature was 
lower than the Tg, the material was following a glassy behavior, which means that the 
tack coat is relatively brittle and fails rapidly at a lower peak load. Figure 4.6 shows the 
load-displacement relationship for this case. Surface texture and interlock become more 
pronounced as temperature drops below tack coat Tg. 
 
 
Figure 4.6. Load-displacement curve at 5oF (–15°C). 
 
Table 4.5 includes all testing results and the related statistical analysis. Figure 4.7 
illustrates the change in strength at various temperatures. 
 
Table 4.5. Analysis of Temperature Effect 
Temperature 
(°C) 
Shear Strength  
(psi) 
Standard 
Deviation 
COV  
(%) 
-15 277.2 25.0 9.1 
5 323.0 14.7 4.6 
25 124.2 1.3 1.1 
45 43.4 4.6 10.6 
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Figure 4.7. Temperature effect on interface shear strength. 
 
The initial tangent shear stiffness of the material was calculated at different 
temperatures. The analysis showed a continuous increase in tack coat shear stiffness 
when temperature decreases, as shown in Figure 4.8. However, a reduction in the shear 
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Figure 4.8. Initial Tangent Shear Stiffness at Different Temperatures. 
 
4.6. EFFECT OF MIX TYPE 	  
Two top-layer mixes (9.5-mm NMAS surface mix and a leveling binder mix of 
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trafficked cores). SS-1vh was used as a tack coat and its optimum application rate was 
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Figure 4.9 shows an increase in shear strength as the top-layer mix becomes coarser. This 
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Table 4.6. Analysis of Mix Type 
Bottom Layer Top Layer Shear  Strength (psi) 
Standard 
Deviation 
COV 
(%) 
Unmilled Aged Trafficked SM 9.5 mm 145.1 11.3 7.8 
Milled Aged SM 9.5 mm 164.5 21.9 13.3 
Unmilled Aged Trafficked 4.75 mm 136.8 3.7 2.7 
Milled Aged 4.75 mm 140.9 2.2 1.6 
          * 1 psi = 6.9 kPa 
 
 
 
 
Figure 4.9. Effect of Overlay mix type on interface shear strength. 
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CHAPTER 5: FINDINGS, CONCLUSIONS, & RECOMMENDATIONS 
 
A critical factor in the performance of flexible pavement is bonding effectiveness 
between pavement layers. Tack is used to enhance the bonding between various 
pavement layers. Tack coat is a light application of bitumen-based material on the 
existing pavement surface. Poorly applied tack coat causes weakened bonding between 
layers, which results in major pavement distresses such as debonding and fatigue 
cracking. Applying excessive tack coat results in a lubricant effect at the interface, which 
can create slippage that results in severe shear rutting and/or cracking. Hence, the 
interlayer bonding can fail in different modes including pure shear, pure tension, or 
combination of shear and tension. In addition difficulties in compaction could be resulted 
due to inappropriateness of tack coat application rate and/or installation process.  
Several studies have been conducted to identify factors that affect layer interface 
bonding, including tack coat material and application rate, existing pavement surface 
texture and overlay characteristics, cleanliness of the surface, and curing time. Laboratory 
performance tests were developed to evaluate the potential performance at layer interface. 
This chapter provides a summery of the performance test that was proposed for this study 
as well as the testing program. The study conclusions recommendations for future 
research are presented. 
 
5.1. SUMMARY 
 
A shear test was developed to characterize pavement layer interface bonding. The 
main objective was to optimize tack coat application rate. Several factors that affect 
interlayer bonding were investigated including tack coat type, curing time, temperature, 
existing pavement surface texture, and HMA overlay characteristics. Four tack coat 
materials were evaluated in this study; three emulsions (SS-1hp, HFE, and SS-1vh) and 
PG 64-22 binder. The tack coat application rate was investigated at five residual 
application rates 0.00, 0.02, 0.04, 0.06, and 0.08 gal/yd2 (0.00, 0.09, 0.18, 0.26, 0.36 
L/m2). The tack coat materials were cured at three curing times (0.25, 2, and 24 hrs). 
Prior to testing, the specimens were conditioned at four temperatures (5°F, 41°F, 77°F, 
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and 113°F; –15°C, 5°C, 25°C, and 45°C) to examine the effect of temperature at the 
interface bonding. Three existing pavement textures were studied using field-obtained 
cores. The surface texture includes milled aged, unmilled aged trafficked, and unmilled 
non-trafficked surfaces. Two overlay mixes were used (9.5 mm NMAS surface mix and 
4.75 mm NMAS leveling binder). Tests were performed in triplicates. The shear strength 
and the initial tangent shear stiffness were evaluated to identify the optimum tack coat 
material and application rate.  
 
5.2. CONCLUSIONS 
 
This study concludes the following: 
• An optimum residual tack coat application rate of 0.04 gal/yd2 (0.18 L/m2) for 
unmilled aged trafficked and aged non-trafficked surfaces provides the best 
bonding, while 0.06 gal/yd2 (0.27 L/m2) for milled aged surfaces provides the 
highest interface shear strength when using SS-1vh tack coat. 
• Milling the surface of existing pavement improves interface strength. 
• SS-1vh, at an optimum application rate and room temperature, provides the 
highest interface strength compared to other tack coat materials considered in ths 
study, followed by SS-1hp, PG 64-22, and HFE. 
• The curing time of tack coat greatly influences interface shear strength. There is 
no need to wait for 24 hrs for tack coat curing; strength reduction was observed 
between 2 and 24 hrs. This reduction could be more serious if traffic is allowed on 
tack coated surfaces.  
• Although, interface shear strength improves as temperature decreases, failure is 
accelerated at temperatures below the tack coat glassy temperature due to reduced 
interface bonding as the tack coat material becomes brittle.   
• Surface mixes (9.5-mm NMAS) work better than leveling binder mixes (4.75-mm 
NMAS) when they are compacted on top of milled or unmilled aged cores. 
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5.3. RECOMMENDATIONS FOR FUTURE RESEARCH 
 
The following recommendations are offered for future research works: 
• The effect of HMA including reclaimed asphalt pavement (RAP) and 
warm mixes on layer interface shear needs to be investigated.  
• The effect of environmental weathering on interface bonding should be 
considered in future research. This could include specimen freezing and 
thawing conditioning of tested specimens. 
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APPENDIX A: INTERFACE TESTING DEVICES 
 
 This literature review is written based on the background information collected 
for the ICT report entitled “Best Practices for Implementation of Tack Coat Material: 
Laboratory Study”. In addition, it shares some information with the Master thesis entitled 
“Optimization of In-Situ Tack Coat Application Rate and Installation” by Alejandro 
Salinas. 
      Virginia Shear Fatigue test (Donovan, 2000), shown in Figure 2.5 measured the 
number of shear loading cycles that were required to cause failure at the interface. The 
fatigue loading approach was believed to simulate the movement of vehicles on the 
pavement and thus could be used to determine the optimum application rate of tack coat 
material. A cyclic shear load of 0.1 s half-sine wave with deflection of 0.4 mm was 
applied followed by a relaxation period of 0.9 s. The test utilized composite cylindrical 
specimens with a diameter of 93.7 mm of HMA compacted on top of concrete cores. This 
test provides the maximum shear strength at each cycle and maximum shear strength 
against the number of cycles of failure. 
      Shear tests can also be conducted in the field with in-situ testing devices. HasDell 
EBSTTM Emulsion shear test, showed in Figure A1, measures the bonding strength at the 
interface in cylindrical composite cored specimens of 150 mm diameter or 75 mm x 75 
mm square composite specimens (Mohammad & Button, 2005). The bonding strength 
was measured by applying shear force at the interface until failure. Other performance 
tests that evaluate the bonding strength of tack coat are tensile and torque bonding tests 
(Tashman et al., 2008). Tensile strength tests evaluate the appropriateness of tack coat 
material based on the tensile bonding at the interface, while the torque bonding test 
measures the torque force at failure to examine the bond effectiveness between different 
layers. 
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Figure A1. HasDell EBSTTM Emulsion Shear Testing Device 
 (Mohammad & Button, 2005) 
 
West et al. (2005) used the National Center of Asphalt Technology (NCAT) bond 
strength device with some modifications in order to evaluate the performance of interface 
bonding. As shown in Figure A2, the device has the ability to apply normal load 
(perpendicular to shear load) to the specimens. In the laboratory part of the study (phase 
I), tests were conducted at three temperatures, 50, 77 and 140° F (10, 25, 60oC) using 
three normal load applications 0, 10 and 20 psi (0, 0.068, 0.138 MPa). The tack coat 
materials used were CRS-2, CSS-1 and PG 64-22. Each tack coat was applied at three 
application rates, 0.04, 0.08 and 0.12 gal/yd2 (0.18, 0.35, and 0.53 L/m2) and at 0.02, 
0.05, and 0.08 gal/yd2 (0.09, 0.22, 0.35 L/m2) for asphalt binder. Also two mixtures were 
used, a 19.0 mm coarse mix and a 4.75 mm fine graded mix. The results obtained showed 
that at higher temperatures, the interface bond strength decreases.  Increasing the normal 
load increases the shear strength. This was mainly observed for testing at high 
temperatures. However, at low and ambient temperatures, the increase in normal load is 
not significant. A considerable difference was noted between results when using binder 
and emulsions as tack coats. Both types of emulsions performed better than PG 64-22. 
For the mix type, the fine mix gave higher strength than the 19.0 mm mix.  
 
	   	   	  47	  
 
Figure A2. NCAT Bond Strength Device (West et al., 2005). 
 
Woods (2004) developed two devices in order to analyze the adhesive strength of 
tack coats and the interface shear strength. As seen in Figure A3, the first device is called 
Tack Coat Evaluation Device (TCED) and it measures the tensile and torque shear 
strength of a tack coat material by compressing an aluminum plate to a surface with tack 
coat. The procedure followed in the test is shown in Figure A4, where it starts with 
applying normal load (a), followed by either tension (b) or torque-shear (c) in order to 
separate the plate from the tack coat. The force required is then recorded and compared 
with other tack coat types. The second device used in this study is shown in Figure A5 
and its called is Laboratory Bond Interface Strength Device (LBISD). This apparatus uses 
the standard Marshall loading device in order to obtain the shear strength of laboratory 
prepared specimens. No normal load is applied and it uses a constant displacement rate of 
2.0 in/min (5.08 cm/min). In the first test performed four tack coats were analyzed, one 
asphalt binder PG 67-22 and three emulsions SS-1, CSS-1 and CRS-2. It was observed 
that tack coat type, application rate and setting time have major effects on the TCED 
results. PG 67-22 performed the best among the used materials followed by CRS-2. For 
the second test, laboratory specimens were prepared at various application rates using the 
same tack coat materials, and two bottom mixes. The results showed that PG 67-22 
performed also the best; however, the author mentioned that there is no major effect for 
changing the application rate. The author specified that this was caused because of 
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excessive heating in the preparation of specimens and the aggregate interlock at the 
interface.  
 
 
Figure A3. Tack Coat Evaluation Device, TCED (Woods, 2004) 
 
 
Figure A4. TCED testing sequence (Woods, 2004) 
 
 
Figure A5. Laboratory Bond Interface Strength Device, LBISD (Woods, 2004) 
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A recent study by Chen and Huang (2010) analyzed the effect of several surface 
properties in order to determine the behavior of tack coat. As shown in Figure A6, a 
direct shear device was used that applies a vertical normal load and a horizontal shear 
load in order to analyze the behavior at the interface. Constant displacement of 0.1 in/min 
(2.5 mm/min) was applied in the horizontal plane. Both shear force and displacement 
were recorded using data acquisition system. This device has a climatic chamber to 
control the temperature during the test. In this study three temperatures were used 77, 95, 
and 122oF (25, 35, and 50°C). Two tack coat materials were analyzed, CRS and a SBS 
Modified Asphalt Emulsion (MAE). Three mixtures were tested in the study a dense-
graded asphalt concrete (DGAC), gap-graded mix (SMA) and an open-graded mix (PAC) 
in order to determine the effect of surface characteristics. All mixes have a nominal 
maximum aggregate size of 19.0 mm. The authors concluded that the increase in 
temperature reduced the shear strength. In addition, the increase in the normal load 
increases the shear strength at the interface. The increase in curing time increases the 
shear strength; hence, the bonding between the layers. Also the authors found that the 
optimum residual application rate of CRS emulsion was 0.03 ga/yd2 (0.12 L/m2); 
however, it was mentioned that it might vary depending on the type of emulsion.   
 
 
Figure A6. Diagram of Direct Shear Device (Chen & Huan, 2010) 
 
Yildrim et al. (2005) used the Hamburg wheel tracking device and a shear test 
using a modified Marshall press shown in Figure A7 (a) and (b), respectively, in order to 
analyze the performance of the interface between HMA and PCC layers. The factors 
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examined in that study were mix type, tack coat type, tack coat application rate and 
trafficking. The use of the Hamburg wheel tracking device was to study the effect of 
trafficking. HMA with type D and open coarse matrix high binder (CMHB) gradations 
were used. Two tack coat materials were analyzed (SS1 and CSS-1H) with two 
application rates, 0.025 and 0.05 ga/yd2 (0.1132 and 0.2264 L/m2). The temperatures used 
were 122oF (50°C) for the Hamburg test and 77oF (25°C) for the shear test. The authors 
found out that the tack coat type was the only factor that had low influence on the results 
compared to the other three factors. The tack coat performance was better at higher 
application rates. The trafficking to the specimens improved the performance of the tack 
coat; the authors concluded that higher number of cycles was needed in order to reach 
tack coat failure. They proposed to increase the number from 5,000 to 20,000 cycles and 
reduce the temperature to 77oF (25°C) in order to reach the tack coat failure. 
 
(a)                                                                (b) 
Figure A7. Tests devices (a) Hamburg Wheel Tracking Device, (b) Direct Shear Testing 
Configuration (Yildrim et al., 2005). 
 
Tashman et al. (2008) used three different tests to analyze the interface bond 
between an existing HMA layer and a HMA overlay in Washington. The factors tested in 
that study were surface treatment (milled and non-milled), curing time (broken and 
unbroken), tack coat residual application rate 0.00, 0.018, 0.049, and 0.071 gal/yd2 (0.00, 
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0.08, 0.22, and 0.32 L/m2) and equipment tracking (wheel path and middle of lane). As 
shown in Figure A8 three tests were used FDOT shear test (a), torque bond test (b) and 
UTEP pull-off test (c). The authors concluded that the milled surface improved the 
interface bonding between HMA layers; however, the curing time and equipment 
tracking were insignificant. An interesting finding was that the absence of tack coat in the 
milled sections did not influence the shear strength; but it did for the non-milled sections. 
For the torque bond test, the milled sections performed better and the absence of tack coat 
in the non-milled decrease the strength. The UTEP pull-off test showed that the non-
milled sections had higher strength than the milled ones. The authors also mentioned that 
of the three tests, the FDOT shear device simulates better the stress happening in the 
field. 
 
 
 
(a)                                                                   (b) 
 
 
(c) 
Figure A8. Test performed (a) FDOT Shear tester, (b) Torque Bond Test, (c) UTEP Pull-
off device (Tashman et al., 2008). 
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The analysis of the interface bonding was usually done by computing a uniform 
shear strength, τ, at the pavement interlayer as follows: 𝜏 =    !!       (2) 
where 
τ = shear strength (psi) 
P = shearing load (lb) 
A = specimen interface area (in2) 
 
      This parameter, also considered as the interface shear strength, was used as the 
critical parameter to evaluate bonding strength. In this study shear strength is also chosen 
as the parameter to evaluate tack coat performance.  
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APPENDIX B: COMPACTION CURVES 
 
 
 Figure B1. Surface mix (9.5-mm NMAS) compaction curve. 
  
 
Figure B2. Sand mix (4.75-mm NMAS) compaction curve. 
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APPENDIX C: TESTING DATA 	  
Table C1. Analysis of Optimum Tack Coat Residual Application Rate 
Residual Rate 
(gal/yd2)* 
Unmilled Aged 
Trafficked Cores 
Milled Aged Cores Unmilled Aged Non-
trafficked Cores 
Shear 
Strength 
(psi)** 
COV 
(%) 
Shear 
Strength 
(psi) 
COV 
(%) 
Shear 
Strength 
(psi) 
COV 
(%) 
0.00 82.9 13.6 123.7 11.4 80.8 2.4 
0.02 136.1 17.8 127.2 9.0 115.5 2.5 
0.04 144.2 7.8 136.9 4.1 123.5 1.1 
0.06 126.2 10.8 155.9 17.0 125.7 4.7 
0.08 113.3 11.8 128.9 3.7 122.8 3.0 
*  1 gal/yd2 = 4.5 L/m2 
** 1 psi = 6.9 kPa 
 
Table C2. Analysis of Tack Coat Type Using 0.04 gal/yd2 Application Rate 
Tack Coat Shear Strength  (psi) 
Average 
(psi)* 
Standard 
Deviation 
COV  
(%) 
SS-1hp 99.1 
93.7 4.6 5.0 SS-1hp 91.0 
SS-1hp 91.0 
HFE 73.5 
83.8 9.3 11.2 HFE 91.8 
HFE 86.2 
SS-1vh 110.8 
127.1 19.1 15.1 SS-1vh 122.2 
SS-1vh 148.3 
PG 64-22 87.2 
89.2 1.9 2.2 PG 64-22 89.4 
PG 64-22 91.0 
 
Table C3. Analysis of Surface Texture 
Bottom Layer Shear Strength  (psi) 
Average 
(psi)* 
Standard 
Deviation 
COV 
(%) 
Unmilled Aged Trafficked 145.4 
145.1 11.3 7.8 Unmilled Aged Trafficked 133.5 
Unmilled Aged Trafficked 156.2 
Milled Aged 143.5 
164.5 21.9 13.3 Milled Aged 164.5 
Milled Aged 187.5 
Unmilled Aged Non-trafficked 122.7 
124.2 1.3 1.1 Unmilled Aged Non-trafficked 125.0 
Unmilled Aged Non-trafficked 125.0 
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Table C4. Analysis of Curing Time 
Tack Coat Curing Time (hrs) 
Shear Strength 
(psi) 
Average 
(psi)* 
Standard 
Deviation 
COV  
(%) 
SS-1hp 0 92.3 
77.7 12.92 16.7 SS-1hp 0 73.3 
SS-1hp 0 67.5 
SS-1hp 2 99.1 
93.7 4.65 5.0 SS-1hp 2 91.0 
SS-1hp 2 91.0 
SS-1hp 24 86.7 
87.2 14.55 16.8 SS-1hp 24 102.1 
SS-1hp 24 72.8 
HFE 0 65.2 
72.5 10.28 14.3 HFE 0 84.4 
HFE 0 68.0 
HFE 2 73.5 
83.8 9.34 11.2 HFE 2 91.8 
HFE 2 86.2 
HFE 24 70.2 
74.5 4.72 6.4 HFE 24 73.9 
HFE 24 79.6 
SS-1vh 0 75.1 
88.9 12.37 14.0 SS-1vh 0 92.1 
SS-1vh 0 99.4 
SS-1vh 2 110.8 
127.1 19.12 15.1 SS-1vh 2 122.2 
SS-1vh 2 148.3 
SS-1vh 24 120.2 
115.1 4.69 4.1 SS-1vh 24 114.0 
SS-1vh 24 111.0 
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Table C5. Analysis of Temperature Effect 
Temperature 
(°C) 
Shear Strength  
(psi) 
Average 
(psi)* 
Standard 
Deviation 
COV  
(%) 
–15 305.5 
277.2 25.0 9.1 –15 268.5 
–15 257.5 
5 319.5 
323.0 14.7 4.6 5 339.1 
5 310.2 
25 122.7 
124.2 1.3 1.1 25 125.0 
25 125.0 
45 46.1 
43.4 4.6 10.6 45 46.1 
45 38.1 
                       
Table C6. Analysis of Mix Type 
Bottom Layer Top Layer 
Shear  
Strength 
(psi) 
Average 
(psi)* 
Standard 
Deviation 
COV 
(%) 
Unmilled Aged Trafficked SM 9.5 mm 145.4 
145.1 11.3 7.8 Unmilled Aged Trafficked SM 9.5 mm 133.5 
Unmilled Aged Trafficked SM 9.5 mm 156.2 
Milled Aged SM 9.5 mm 143.5 
164.5 21.9 13.3 Milled Aged SM 9.5 mm 164.5 
Milled Aged SM 9.5 mm 187.5 
Unmilled Aged Trafficked 4.75 mm 136.6 
136.8 3.7 2.7 Unmilled Aged Trafficked 4.75 mm 133.1 
Unmilled Aged Trafficked 4.75 mm 140.6 
Milled Aged 4.75 mm 139.7 
140.9 2.2 1.6 Milled Aged 4.75 mm 139.6 
Milled Aged 4.75 mm 143.5 
          * 1 psi = 6.9 kPa 
 
